The present series of experiments used factorial designs to evaluate which acoustic features are primarily responsible for the voicing distinction in the syllables Izil and Isi/. Increases in frication duration tend to make the syllable more voiceless only if vocal cord vibration is absent or at a very low level during the frication period. Increasing the period between the onset of frication and the onset of vocal cord vibration changes the syllable from a predominantly voiced to a predominantly voiceless sound. This period, called voice onset time, can account for the change in perception regardless of simultaneous changes in the total frication duration or the relative duration of the frication period that contains vocal cord vibration. Changes in fundamental frequency had a large influence on the voicing judgments. With low fundamental frequencies, the judgments were predominantly voiced, whereas with high fundamental frequencies, voiceless judgments were predominant. The quantitative judgments of individual observers were described by a ratio-rule model that assumes a multiplicative combination of the independent cues, voice onset time and fundamental frequency. The, model also provided a good description of previous studies of the acoustic cues used in the perception of voicing of fricatives.
The distinctive feature of voicing distinguishes between the respective members of a number of cognate pairs in English. The consonants Izl and lsi have the same place and manner of articulation but contrast in voicing: Izl is voiced and lsi is voiceless. Scully (1971) found that lsi and Izl were similarly articulated in the supraglottal vocal tract in terms of both the amount and timing of the tongue movements. The only obvious articulatory difference was that the vocal-cord vibration is not present during lsi, but occurs through nearly all of Iz/. This paper continues previous work by utilizing functional measurement techniques (Anderson, 1970 (Anderson, , 1975 to evaluate what acoustic features are responsible for the voicing distinction in the syllables Izil and Isi/.
Figure 1 presents spectrograms of the sounds Izi! and lsi!. Both sounds can be described by a period of frication followed by a transition to the steady state vowel. The primary difference between the two sounds appears to be the presence of vocal cord vibration in Izi! but not in lsi!. Vocal-cord vibration is seen in the spectrogram as the dark voicing bar at the lowest frequencies during the frication period. A second potential cue is the duration of the frication period. Although it is not shown in Figure 1 , the average duration of the voiceless fricative lsi is about 40070 greater than the average duration of the voiced Izl (Klatt, 1974 (Klatt, , 1976 Umeda, 1977) . In the first experiment, the intensity of vocal cord vibration is independently varied with the duration of the frication period in order to assess how these variables contribute to the voicing distinction between lsi! and Izi!.
Another way of defining the cues of vocal-cord vibration and frication duration is in terms of voice onset time (VOT), the time between the onset of the syllable and the onset of vocal-cord vibration. With this description, the voiced fricative Izl would have a short VOT and the voiceless fricative lsi would have a long VOT. Experiment 2 tests the hypothesis that VOT can account for changes in both vocal-cord vibration and frication duration. In Experiment 3, this measure of VOT will be contrasted with mea-373 EXPERIMENT 1 Figure 2 . Percentage of voicelessjudgments of the final fricative in the word "use" as a function of vowel duration and the duration of frication. The observed values (points) are taken from Denes (1955) . The lines give the predictions of a model assuming the multiplicative combinations of the independent cues, vowel duration, and frication duration, before a ratio rule is applied. O'--;f'k---____;;b;_--___;_;!_;,_--~~--~t he frication period. From informal observations, Denes argued that "it does not much matter whether the spectrum of the final consonant is harmonic or inharrnonic" (Denes, 1955, p. 762) . Accordingly, increases in the duration of frication should increase the likelihood of a voiceless judgment regardless of whether or not vocal-cord vibration occurs during the frication period. On the other hand, Massaro and Cohen (1976) showed that judgments of initial fricatives were more likely to be voiced to the extent that vocal-cord vibration occurred during the frication period. Given that Denes varied only the fricative duration without vocal-cord vibration and that Massaro and Cohen varied only the proportion of a fixed frication duration that contained vocal-cord vibration, it is necessary to vary both frication duration and intensity of vocal-cord vibration in the same experiment. In the first experiment, five levels of frication duration were orthogonally varied with five levels of the intensity of vocal-cord vibration during the frication period.
Method
Subjects. The subjects were seven undergraduates who were tested on 2 consecutive days. The subjects participated to fulfill an introductory psychology course requirement.
Stimuli. All stimuli were produced during the experiment proper by a formant series resonator speech synthesizer (FONEMA OVE-IlId) under the control of a PDP-8/L computer . Each stimulus was specified by a temporally ordered set of lists of synthesizer parameter control vectors. Within a list, each parameter vector specified a target value, a transition (arrival) time, and a transition type. Each list also specified how much time until the next list. All transitions were linear except the final fall in vowel amplitude, which was negatively decelerated. Time values were specified and parameters calculated in IO-msec increments. The speech synthesis was carried out in real-time during the experiment.
The speech sounds were fricative-vowel syllables. The syllables suring VOT from the offset of the frication period. Finally, we have also observed that the fundamental frequency (Fs) of vocal-cord vibration is lower in Izi! than in lsi!. In Experiments 2 and 3, several values of F, were independently varied to evaluate its contribution to the voicing distinction between Izi! and lsi!. Denes (1955) carried out an experiment to evaluate the contribution of vowel duration and frication duration in the perception of voicing in word-final position. The test alternatives were the two pronunciations of the homograph "use" as in the noun "the use" and the verb "to use." Four durations of the synthetically produced vowel were orthogonally varied with five durations of frication taken from real speech. No vocal-cord vibration was present during the frication period. The results from this experiment are presented in Figure 2 . The results show that the proportion of voiceless responses decreased with increases in vowel duration and increased with increases in frication duration. Denes (1955) concluded that the ratio of the consonant-to-vowel duration was the critical determinant of perceived voicing. The final fricative should appear voiceless to the extent that this ratio is large. Inspection of the points in Figure 2 , however, reveals that this was not the case. Although a one-to-one ratio gives 29070 lsi responses when the durations are 50 msec, the proportion of lsi responses is 52% when the durations are 200 msec. Similarly, a two-to-one consonant vowel duration ratio of 100/50 gives 620/0 lsi responses, whereas 96% lsi responses were given at a 200/100 ratio. The results are more accurately described by a ratiorule model that assumes a multiplicative combination of the two independent cues, frication duration and vowel duration. The model and the description of these results are presented in the General Discussion section. Cole and Cooper (1975) varied the duration of frication without vocal-cord vibration in the fricative vowel syllables Isal and Ifal and the affricate Ichal with the duration of the vowel. The frication duration was varied by splicing out small segments of the frication before the vowel and then closing the gap. The duration of the vowel was shortened by simply removing the final part of the vowel. Frication duration had a large effect on the voicing judgments, whereas vowel duration had a negligible effect. In all cases, the syllable tended to be identified as the voiced cognate with decreases in frication duration. On the basis of these experiments, frication duration appears to cue the voicing of both word-initial and wordfinal fricatives, whereas vowel duration appears to cue voicing only when the fricative is in word (or syllable) final position.
Although frication duration functions as a cue to voicing, no direct evaluation has been made of its cue value as a function of vocal-cord vibration during Procedure. All experimental events were controlled by a PDP·8/L computer. The output of the speech synthesizer was amplified and presented over Koss PRO-4AA headphones at a level of 68.1 to 69.5 dB SPL (B) during the period of frication depending on the amplitude of AV, and at 65.3 dB SPL (B) during the vowel Ii!. The spectrograms in Figure 3 give some measure of the relative intensities of the noise and voicing harmonics in the stimuli. Four subjects could be tested simultaneously in individual sound-attenuated rooms.
Each trial began with the presentation of a syllable, selected randomly without replacement in blocks of 25 trials. Following presentation of the stimulus, each observer made a response by setting the point of a linear potentiometer, 5.5 ern long, the left end of which was labeled Z and the right end, C. When the subject was satisfied with the position of the pointer, he recorded the position by pressing a small button to the right of the scale. The potentiometer acted as a voltage divider; the resulting voltage was measured by a multiplexed A-D converter and scaled so that the resulting score varied on an interval from 0 to 49. When analyzing the data, this interval was normalized so that it varied between 0 and I. The next trial began 1.0 sec after the last of the subjects made his or her response.
The subjects were asked to listen to the stimuli and to indicate where on a scale from C to Z each stimulus fell. The subjects were told that the leftmost scale setting represented a good prototype Izi! whereas the rightmost setting, C, represented a good prototype lsi!. The observers were warned not to try to discern any order to the pattern of presentation since the order of stimuli was strictly random. The subjects participated in two sessions on each of 2 consecutive days. In each session, 10 blocks of 25 trials each were presented. Each of the 25 stimuli was randomly presented once in a block of 25 trials. Unknown to the subject, the first two blocks of each session were not recorded. This gives a total of 32 observations per subject for each of the 25 stimuli. The mean response values for each of the 25 stimuli were calculated by the computer at the end of each experimental day. Before the first session of the first day, the subjects responded to 40 unscored practice trials.
Results
Figure 5 plots the average ratings as a function of frication duration and the amplitude of the buzz source simulating vocal-cord vibration during the frication period. The syllables were judged as more lsi/-like with increases in the frication duration F(4,24) = 38.95, p < .001, and with decreases in thã mplitude of buzz source during the frication period, F(4,24) = 19.24, p < .001. Figure 5 and the significant interaction between these two variables, F(16,96) = 12.79, p < .001, show that the increases in frication duration provide a strong cue to hearing the sound as voiceless only when there is a low level of vocal-cord vibration during the frication period. Increasing the amplitude of the buzz source to 65.3 dB completely neutralizes the cue value of frication duration.
Discussion
The results of Experiment 1 show that the cue value of frication duration is critically dependent on the degree of vocal-cord vibration during the frication period. The absence of vocal-cord vibration during the frication period was probably a necessary condition for the finding of a large cue value for frication duration in the experiments of Cole and Cooper (1975) and Denes (1955) . Increasing the frication o can be represented by a frication period followed by a transition to the steady state vowel. For all of the syllables, the fricative formant frequencies were fixed at values that were appropriate for Izl and lsi and the vowel was Iii. Figure 3 presents spectrograms of two of the synthesized sounds differing during frication in the intensity level of the buzz source simulating vocal cord vibration. These sounds can be compared to natural sounds given in Figure I . Figure 4 gives a schematic diagram of the syllables used in the experiment. The values AC and AV give the amplitude values for the noise and buzz sources, respectively. The KI and K2 refer to the fricative formant frequencies. (Although it is not included in Figure 3 , the amplitude of the fricative antiformant was fixed at 4 dB.) All syllables used in the experiments had this basic form.
The 25 test stimuli were generated by factorially combining five levels of frication duration with five levels of the amplitude of the buzz source (AV) during the frication period. The duration of the frication period was 60, 90, 120, 150, or 180 msec. The amplitude level of the buzz source, AV, was -00,55.3,58.6, 61.9, or 65.3 dB SPL (B) measured without any frication present. The Fa value was always 163 Hz. contours were reliable cues to the voicing of the preceding consonant. The F, values during the stressed vowel were not affected by the voicing of the following consonant.
Lea (1972) carried out a second study to include measurements of unstressed syllables. Two-syllable word pairs with contrasting stress patterns and similar phonemic sequences were spoken by the same talkers. For example, the noun and verb forms of permit would allow an assessment of the F, values in both stressed and unstressed syllables. In contrast to the haCVC utterances, the F, contour of the vowel did not reliably reflect the voicing of the preceding consonant in these word pairs. A rising F, contour indicated that the preceding consonant was voiced only 55070 of the time. A falling F, contour was not reliable evidence of a preceding voiceless consonant, since this contour could occur in an unstressed syllable regardless of the voicing of the preceding consonant. Lea concluded that the F, contours were not direct cues to either stress or voicing of the preceding consonant. If the stress of a syllable could be directly determined independently of the F, contour, the contour could provide some information about the voicing of the preceding consonant. If a falling contour is observed in a stressed syllable, the preceding consonant must be voiceless, whereas a rising contour in an unstressed syllable is a reliable index that the preceding consonant is voiced.
Massaro and Cohen (1976) evaluated F, as a cue to the voicing distinction between lsi/ and Izi/. The frequency of F, at the onset of voicing influenced the voicing judgments, whereas the F o frequency contour had very little effect beyond that accounted for by the frequency of F, at the onset of vocal-cord vibration. Observers tended to perceive the sounds as voiceless with increases in the frequency of F, at the onset of vocal-cord vibration. A control condition showed that the cue value of F0 frequency was not due to the possibility of less energy at F I with increases in F, frequency.
Massaro and Cohen (1976) independently varied voice onset time and the frequency of F, at the onset of vocal-cord vibration in order to assess the relative cue value of both of these variables. Both cues were critical for the voicing judgment, and the results showed that the judgment of a particular stimulus was primarily a function of the least ambiguous cue. A formal model based on this assumption provided a good description of the quantitative voicing judgments. The next experiment extends the previous studies by varying frication duration, voice onset time, and F o frequency. The experiment also allows a direct evaluation of the relative importance of each of these cues in determining the voicing judgment.
• BUll SOURCE (dB SPl(B)) period without vocal cord vibration increases the lsi/-ness of the fricative, whereas increasing the frication duration with vocal-cord vibration has no effect. Accordingly, a more appropriate definition of this cue might be the time between the onset of the syllable and the onset of vocal-cord vibration. This dimension, called voice onset time (VOT), has been shown to cue voicing in the syllables Izi/ and Isi/. Holding frication duration constant, Massaro and Cohen (1976) found that increasing VOT increased the likelihood of a lsi/ judgment. The question that remains to be answered is to what extent voice onset time is a sufficient description of the cue value of vocal-cord vibration and frication duration. The next experiment therefore independently varied voice onset time and frication duration in order to determine whether voice onset time alone can account for the judgments or whether frication duration must also be incorporated into the judgmental process.
In addition to voice onset time and frication duration, the next experiment also manipulated the fundamental frequency (F o ) of vocal-cord vibration. The F, at the onset of vocal-cord vibration has a large potential cue value to the voicing of initial consonant sounds (Lehiste & Peterson, 1961) . Lea (1972) made a series of measurements of segmental and suprasegmental influences on F o values. The effects of voicing on Fo were evaluated for consonants (C) and vowels (V) in haCVC utterances spoken by two trained English talkers. The initial F o values in the stressed vowels were found to be about 20070 higher when the preceding consonant was voiceless than when it was voiced. The F o contour during the first 100 msec of the vowel also differed as a function of the voicing of the preceding consonant. The contour rose following a voiced consonant and fell following a voiceless consonant. Both the initial F o values and the F, EXPERIMENT 3 voicing than do changes in frication duration. In fact, the small changes in voicing perception with increases in frication duration were actually in the opposite direction from what one would expect if increases in frication duration were a cue to an unvoiced sound. This result agrees with the finding in Experiment 1 that frication duration was not an effective cue if vocalcord vibration was present during the frication period. For a given VOT in Experiment 2, increases in frication duration resulted in increases in the period of frication with vocal-cord vibration. Accordingly, this interval was not critical for the judgments. The VOT interval, the period of frication without vocal-cord vibration, is an effective cue for the perception of voicing. Finally, the results replicated the previous findings that the frequency of F, at the onset of vocal cord vibration is another important cue for the perception of voicing in these fricatives.
Our analysis indicates that frication duration without vocal-cord vibration is one critical cue to the perception of voicing of initial fricatives. Given that the VOT dimension measures this period, it can account for the changes in the perception of voicing independent of changes in total frication duration. The results support the usefulness of the measure of VOT taken from the onset of the frication period. Another measure that might seem plausible, is to define VOT from the offset of the frication period. In this case, VOT measures the duration of the frication period with vocal-cord vibration. Given that Experiments 1 and 2 have shown that the frication period with vocal-cord vibration is not an effective cue to voicing, we would expect that it would not be a sufficient description of changes in the perception of voicing in these syllables. To test this idea, we replicated Experiment 2 exactly, but now we measured VOT from the offset rather than the onset of the frication period. We predict that frication duration will have a large effect on the voicing judgments, since, for a given VOT interval, increases in frication duration are equivalent to increases in the frication period without vocal-cord vibration. The effect of VOT measured from frication offset should still be significant, however, since this period is confounded with VOT measured from frication onset. The goal of this experiment is to show that while VOT measured from the onset of the frication period accounts for the major changes in voicing judgments regardless of total frication duration, this is not the case when VOT is measured from the offset of the frication period. 
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Results
Although the mean lsi/-ness values decreased steadily from .53 to .45 with increases in overall frication duration, this effect was not statistically significant, F(3,15) = 2.18, p > .10. Stimuli. The stimuli had the same basic form as those in Experiment I. Four levels of frication duration (FO), four levels of voice onset time (VOT), and four levels of the frequency of F, were factorially combined, giving a total of 64 stimuli. The FO values were 120, 150, 180, and 210 msec. The VOT values were 30, 60, 90, and 120 msec. The frequency values of F, were 163, 183, 206, and 224 Hz. The buzz source was off during the VOT interval and was set to about 64 dB SPL (B) at the onset of vocalcord vibration. In each session, five blocks of 64 trials were sampled randomly without replacement. Unknown to the subject, the first block of each of the four sessions was not recorded, giving a total of 16 observations per subject for each of the 64 stimuli. All other procedural details were the same as in Experiment I.
Discussion
In the range of the values tested here, changes in VOT provide larger changes in the perception of 
Method
Subjects. Six volunteers from an introductory psychology course participated for 2 days.
Stimuli and Procedure. The stimuli were identical to those in Experiment 2 except that VOT was measured from the offset of the frication period rather than from its onset. The procedure was identical to that of Experiment 2. 
Results
Figure 7 plots the mean lsi/-ness values as a function of frication duration, F o , and the VOT measured from the offset of the frication period. The syllables were judged as more /si/-Iike with increases in frication duration, F(3,15) = 21.45,p < .001. The judgments increased from .37 to .60 with increases in frication duration from 120 to 210 msec. The judgments of the syllables were more Isi/-like with decreases in VOT, F(3,15) = 28.40, p < .001. The mean response decreased from .80 with a VOT of 30 msec to .36 with a VOT of 120 msec. The syllables were judged to be more Isi/-like with increases in F0, F(3, 15) = 8.81, P < .005. The average response was .39 with a F, value of 163 Hz and .59 with a F, value of 224 Hz. The higher order interactions' primarily reflected the fact that the magnitude of the effect of one variable was largest at the intermediate levels of the other variables, those levels that gave the most ambiguous judgments.
GENERAL DISCUSSION
Discussion
The results confirm our predictions that VOT measured from the offset of the frication period is not a sufficient description of the changes in the voicing judgments with changes in the total frication duration and the duration of the frication period that is voiced. Accordingly, the frication period without vocal-cord vibration provides the most complete and parsimonious description of changes in the voicing judgments with independent changes in total frication duration and the duration of the frication period that is voiced.
Massaro and Cohen (1976) described the voicing judgments of these fricatives in the framework of a general model of speech perception. The model assumes that the sound-wave pattern corresponding to a syllable is transduced by the auditory receptor system and feature detection process into a set of acoustic features in preperceptual auditory storage (PAS). These features are combined into a percept by the primary recognition process. The percept corresponds to the phenomenological experience of hearing a particular sound at some location in space. In Massaro and Cohen's study, the fundamental frequency (Fs) was orthogonally varied with voice onset time (VOT) measured from the onset of the frication period. It was assumed that the acoustic correlates of F, frequency and VOT are detected as acoustic features and stored in PAS. The Detection process gives for each feature a value between 0 and 1 which indexes the degree to which that feature matches the ideal feature for each alternative.
Given two mutually exclusive alternatives such as lsi/ and /zi/, it is assumed that the outcome of a feature comparison on one alternative is the complement of the same feature comparison on the other alternative. If V is the outcome of a VOT comparison, then a perfect match on the VOT comparison with lsi/ would give V = 1, and the comparison of the same feature with Izi/ would give V = O. If F is the outcome of a F, comparison and equals .5 for one alternative, it will also equal .5 for the other. In the general case, it is assumed that V and F index the degree to which the respective features of VOT and F; match with /si/, whereas (1 -V) and (1-F) index the degree to which they match with /zi/ .
The perceived Isi/-ness of a particular syllable is assumed to be equal to a multiplicative combination of the Isi/-ness of each of the component features. Given the features of VOT and F o , the lsi/-ness of a particular sound would be VF, whereas (1 -V)(1-F) would represent the degree of Izi/-ness of that same sound. The judged lsi/-ness, J(C), of the same sound is based on the perceived degree of Isi/-ness relative to the sum of the perceived degree of lsi/-ness and .~~: the perceived degree of Izi/-ness. This judgment process follows Luce's (1959) ratio-rule model. The judged Isi/-ness, J(C), of the sound is equal to the ratio of perceived lsi/-ness to perceived lsi/-ness plus perceived Izi/-ness.
VF
The primary feature of this model is that the final judgment gives more weight to less ambiguous fea- The quantitative description of the multiplicative model was about a factor of five times better than the description given by the comparable adding model.
The multiplicative model will be employed here to assess the degree to which VaT measured from the onset of the frication period is a sufficient description of the total frication period and the duration of the period that is voiced. The parameter estimates from the model can be used to index the relative importance of each of the cues in the voicing judgments. A feature is important in the judgment process to the extent that the parameter value is lower or higher than .5. In Experiment 2, VaT, F o , and FD were independently varied in a factorial design, producing a total of 64 syllables. Assuming that each of these dimensions corresponds to an acoustic feature, the predictions of the model follow Equation 2,
where V, F, and D represent the lsi/-ness values of VaT, F o , and FD, respectively. This model was fit to the individual judgments of each of the six subjects in Experiment 2. For each subject, the parameter values for V, F, and D were estimated by minimizing the squared deviations between the predicted and observed judgments using the iterative minimization routine STEP IT (Chandler, 1969) . Table 1 In order to test whether eliminating the contribution of FD in the model would significantly reduce the good description of the judgments, these same data were described by Equation 1. Table 2 contrasts the descriptions of the two models in terms of the goodness-of-fit criterion, the root mean square. The root mean square is the square root of the average of the sum of the squared deviations between the predicted and observed results. Although the predictions given by Equation 2 provide a somewhat better fit, it does not seem to be significantly better considering the fact that an additional four parameters were estimated in Equation 2 relative to Equation 1. The reasonably good description of the 64 data points with just eight parameters offers strong support for the model defined by Equation 1. Figure 6 gives the average predictions of Equation 1 for the average results of the six subjects. Equations 1 and 2 were also applied to the individual judgments of Experiment 3. The significant difference from the preceding analysis is that VaT is measured from the offset of the frication period. Table 3 Table 4 shows that the description given by Equation 2 decreases by one-half the root mean square deviation of the description by Equation 1.
We predict that an adequate description of the judgments in Experiment 2 can be given by Equation 1, however, if VaT is measured from the onset rather than the offset of the frication period. When vaT is measured from the onset of the frication period, seven levels of VaT occurred in the experiment. The goodness of fit of this model is also presented in Table 4 , and Table 5 gives the parameter values for Fa and vaT. The predictions of Equation 1 for VaT measured from frication onset are shown in Figure 7 . The results show that VaT measured from the onset of the frication period provides a good description of the judgments, without the necessity of incorporating the contribution of FD. This analysis supports our prediction that VaT measured from the onset of the frication period accounts for both the total frication duration and the duration of the frication period that is voiced. where A and 0 are the parameter values for AV and FD, respectively. Applying the ratio rule gives the following predictions for the judgments:
so that the judgments are given directly by Equa- Can the current model be applied to the results of Experiment 1 which independently varied frication duration (FD) and the amplitude of vocal-cord vibration (AV) during the frication period? At first glance, it could be assumed that FD and AV are independent acoustic features and that these are combined multiplicatively and then evaluated by the ratio rule. However, we believe that FD and AV are not independent acoustic features. The contribution of FD is critically dependent on the amplitude of voicing AV. With low amplitudes of AV, the frication is essentially unvoiced and increasing its duration is comparable to increasing VaT. Therefore, increases in FD should increase the lsi/-ness of the judgments. With high amplitudes of AV, the frication is essentially voiced and increases in its duration should have very little effect on the Isil -ness judgments (cf. Experiment 2). Given that the degree of voicing during frication will be a direct function of the amplitude of AV, it can be assumed that AV serves as a multiplicative weight for the cue value of FD. With low values of AV, FD is given a large weight and increases in FD increase the lsi/-ness of the judgments. With high amplitudes of AV, however, FD is given a very small weight so that increases in FD make very little difference in the amount of lsi/-ness. Following this logic, 0 A' the cue value of FD at a particular value of AV, can be described by 
tion 3. The judgments of the individual observers were fit by Equation 4, and the parameter values and goodness-of-fit values are given in Tables 6 and  7 , respectively. For comparison, the same judgments were fit with the assumption that FD and AV are independent acoustic features. Table 8 gives the parameter values, and the goodness of fit values are shown in Table 7 . Contrasting the two models, Equation 3 allows a better description of the judgments than the description given by Equation 5. The present model can also be adapted to describe the contribution of vowel duration and frication duration in the perception of word-final consonants. In the Denes (1955) study, subjects judged whether the final fricative in "use" was voiced as in the verb "to use" or voiceless as in the noun "the use." Given that the frication duration did not contain vocal-cord vibration, it corresponds to our measure of voice onset time (VaT). We believe that it is this measure of VOT rather than frication duration itself that is the critical dimension influencing the voicing judgments. Given that the order of the consonant and vowel are reversed in final relative to initial fricatives, measuring VaT from the offset of the frication period in final fricatives is completely consistent with our VaT measure taken from the onset of the frication period in initial fricatives. We assume that vowel duration (D) and VaT are perceived independently and combined multiplicatively before the ratio rule is applied. In this case, the proportion of Isi/ responses, P(C), would equal where V and 0 are the lsi/-ness values given the VaT and vowel duration, respectively. The predictions of th: equation are given by the lines in Figure 1 . The estimated parameter values for V were .07, .22, , and 200 msec, respectively. The parameter values confirm the observation that increasing the duration of the vowel tends to make the sound more voiced, whereas increasing the VaT tends to make the sound more voiceless. The good fit of the 20 observations with nine parameter values supports the assumption of the multiplicative combination of these two cues. In contrast to this model, quantification of an analogous model based on the ratio of consonant-to-vowel durations gives an unacceptable description, even though 15 parameters were estimated from the data. The root mean square (rms) was .033 for the multiplicative model and .067 for the model based on the ratio of consonant-to-vowel durations. The data were also described by an additive combination of cues before the ratio rule was applied. The rms for the additive model was .080, a description that is about 21;2 times poorer than the multiplicative model.
CONCLUSION
The current experiments and theoretical analyses have illuminated the manner in which acoustic features are combined in speech perception. The acoustic features of fundamental frequency and voice onset time measured from the onset of frication were the critical determinants of the perception of voicing
